INTRODUCTION
Systemic lupus erythematosus (SLE) is a chronic systemic inflammatory disease that is associated with an increased risk of cerebrovascular events, which account for 10-15% of deaths in SLE. 1 Individuals with SLE have a lower rate of survival after stroke compared to the general population, but it is unclear whether this is due to the increased rate of stroke or whether stroke is more severe in SLE. 2 Previous studies evaluating the association between SLE and stroke have used cross-sectional and case-control designs, which may only include individuals who survived a stroke to be included in the study. [3] [4] [5] Some investigations of small clinical cohorts did not compare rates to a general population comparator. 6 7 Other studies included stroke in a composite end point with other cardiovascular diseases, 8 9 increasing the statistical power but possibly diluting the observed association due to different underlying pathological processes. There is sparse information on intracerebral and subarachnoid haemorrhage that have a higher case fatality rate than ischaemic stroke (25-35% vs 13-23%, respectively). 10 In addition to being associated with a higher mortality, haemorrhagic stroke occurs at a younger age, which leads to a higher risk of long-term
Key messages
What is already known about this subject? ▸ Previous studies have indicated that individuals with systemic lupus erythematosus (SLE) have an increased risk of cerebrovascular events, but it remains unclear to what extent the risk is increased compared to the general population.
What does this study add?
▸ Individuals with SLE have a twofold higher risk of ischaemic stroke, a threefold higher risk of intracerebral haemorrhage, and an almost fourfold higher risk of subarachnoid haemorrhage. ▸ Our results confirm that individuals with SLE are at a higher risk of stroke than the general population, regardless of the type of stroke.
How might this impact on clinical practice? ▸ Awareness of the increased risk of stroke in patients with SLE may help to prevent stroke and/or minimise damage and disability due to stroke if stroke is identified early. morbidity. Given the low numbers in individual studies, a meta-analysis of combined studies is warranted. It is necessary to better understand the risk of stroke in SLE and how it differs by patient characteristics in comparison to individuals without SLE. This understanding may help to identify methods of prevention in this at-risk group and show how SLE plays a role in the development of stroke. We, therefore, conducted a systematic review and meta-analysis to estimate the risk of stroke in patients with SLE compared to the general population.
METHODS

Search strategies
We followed the PRISMA guidelines for conducting and reporting systematic reviews and meta-analyses. 11 The MEDLINE (PubMed 1950 to June 2015) and EMBASE (1980 to June 2015) databases were searched by MH and EA to identify published studies and reviews of stroke in SLE. The search terms systemic lupus erythematosus and stroke were used in combination with no language or year restrictions (see online supplementary file). The authors also searched the reference lists of key articles as well as the abstracts presented at the American College of Rheumatology and European League Against Rheumatism conferences 2012-2014. For articles where stroke estimates were combined with other outcomes, the authors of the original publication were contacted in order to retrieve stroke-specific estimates.
To minimise the likelihood of bias which commonly affects cross-sectional and case-control studies, we included cohort studies only. We selected cohort studies that met the following inclusion criteria: (1) predefined SLE criteria; (2) predefined stroke criteria for incident event (ischaemic stroke, intracerebral haemorrhage or subarachnoid haemorrhage); (3) HR, rate ratio or risk ratio (RR) estimates with 95% CI or p value and (4) a general population comparison group. A general population comparator was required so that estimates would reflect the relative risk of stroke associated with SLE compared to non-SLE, and account for varying rates of stroke across populations.
Data extraction
Two researchers (MH and EA) independently assessed studies for eligibility and extracted data on year of publication, type of study, source of the sample, SLE definition (American College of Rheumatology (ACR) criteria, medical record review, International Classification of Diseases (ICD) 9 710 or ICD-10 M32), sample size, enrolment period, SLE duration at study entry, mean time of follow-up, reference group, stroke definition (ICD-9 430-437 or ICD-10 I60-I64, medical record review) and number of stroke events overall and by stroke subtype, if available. Any differences among the two authors were discussed until consensus was reached. When necessary, an additional researcher ( JS) was contacted for extended discussions.
Quality of included studies
We assessed the following features which may introduce bias in cohort studies: the source of the patient sample ( population-based, clinic-based), cohort type (inception, non-inception), SLE definition (medical record review, ICD code only), ascertainment of stroke outcome (medical record review, ICD code only), exclusion of prevalent stroke at baseline, and adjustment for confounders. In addition, the Newcastle-Ottawa scale was used to evaluate the quality of the studies. 12 
Statistical analysis
HRs and rate ratios were considered equivalent estimates of RRs and referred to as such throughout. We used random effects models to calculate the pooled RR and 95% CI for each stroke type reported (overall stroke, ischaemic stroke, intracerebral haemorrhage, subarachnoid haemorrhage). The pooled RR represents a summary estimate of the increased risk of stroke in individuals with SLE compared to those without SLE, weighted by a factor that is influenced by the sample size of each study. Calculations were performed on the log of the RR from the individual studies, and the resulting pooled values were then transformed back to the RR scale. We tested for heterogeneity using the Q statistic (considered statistically significant if p<0.10), and by calculating the I 2 and p value. I 2 >50% indicates that a high percentage of the total variance in effect estimates is due to heterogeneity rather than chance. All analyses were conducted using Stata statistical software V.13.0.
If the same data source was used in multiple studies, the RR estimate from the study with the highest quality was used in the pooled analyses. In sensitivity analyses, we included studies that were excluded on this basis to determine if this affected results. Subgroup analyses were carried out to investigate potential sources of heterogeneity. Studies were stratified based on study region and characteristics related to study quality (exclusion of previous strokes at baseline, incident SLE at baseline, adjustment for confounders), as well as age and sex if available. Robustness of the results was evaluated by examining whether the pooled estimates were influenced by the removal of each individual study. To detect the presence of publication bias or small-study effect (the tendency for effect estimates in small studies to differ from those in larger studies), we evaluated the symmetry of funnel plots for each stroke outcome. In addition, Egger's test was used to examine potential publication bias with a quantitative test statistic (considered significant if p<0.05).
RESULTS
Literature search
We identified 10 studies using the predefined search terms (including one abstract 13 ) (figure 1). 9 13-21 The majority of studies were excluded because these were either case reports or did not include a general population comparator. Two studies combined stroke, myocardial infarction and coronary artery disease in a composite end point, 8 9 and the authors from one study provided us with the stroke-specific estimate. 9 Five studies were excluded because these examined stroke in a specialised instead of general patient populations ( pregnant women, 22 23 asymptomatic antiphospholipid antibody carriers, 24 surgical patients 25 and patients with end-stage renal disease 26 ). Three cross-sectional studies were excluded. [3] [4] [5] Two studies used the Framingham risk score to estimate the expected risk of stroke in non-SLE and compared this to clinical cohorts of SLE; these were, therefore, excluded due to the lack of a population comparator. 27 28 
Study characteristics
The characteristics of the included studies are displayed in table 1. Five studies estimated the RR for overall stroke, not specifying type of stroke. 9 16-18 20 Three studies estimated the RR for intracerebral haemorrhage, 18 20 21 one of which combined intracerebral and subarachnoid haemorrhage. 18 Three examined subarachnoid haemorrhage separately. 14 19 20 Six studies presented estimates for ischaemic stroke, 13 15 17 18 20 21 one of which included the ICD-9 code for subarachnoid haemorrhage (ICD-9 430) in the ischaemic stroke outcome. 17 Liou et al investigated the risk of intracerebral haemorrhage; they did not give the number of events or subtype-specific HR, and only reported that the finding was non-significant. There were five studies from Asia (four from Taiwan 14 15 17 20 and one from China 18 ), three from Europe (one from the UK 19 and two from Sweden 9 21 ) and two from North America (one each from Canada 13 and the USA 16 ). All of the studies were published in the last 6 years and two studies had over 20 years of follow-up. 16 20 Table 2 shows additional characteristics relating to the quality of each study. The majority of the studies were considered to be of sufficiently high quality; however, four studies did not report the duration of disease or included prevalent SLE at baseline, 9 17 18 21 and two studies did not exclude individuals with a history of 5 Lupus stroke at the start of follow-up. 9 18 Two studies did not adjust for any confounders or were unclear about adjustment. 14 18 Six studies adjusted for history of cardiovascular disease, which is the strongest risk factor for stroke and none adjusted for antiphospholipid syndrome. Only three studies used ACR criteria to define SLE and the rest used ICD codes, ranging from liberal inclusion (one ICD code) to more stringent (≥15 SLE-coded visits). There were four studies which used the Taiwan National Health Insurance Research Database (TNHIRD). 14 15 17 20 Liou et al and Wang et al both estimated the RR for overall stroke and had similar quality scores; therefore, we included Wang et al in analyses because they had a longer follow-up period. Three studies of similar quality used TNHIRD to estimate RRs for ischaemic stroke, and we included Chiu et al in our pooled analyses because they used a longer wash-out period. Two studies used TNHIRD for estimates of subarachnoid haemorrhage, and we included the study by Wang et al due to the higher quality score.
RR for stroke
The pooled RR for overall stroke was 2.53 (95% CI 1.96 to 3.26), indicating that the risk of stroke in the SLE population is 2.5 times higher than the general population (figure 2). No significant heterogeneity was identified (I 2 =23.0%; p=0.27). Restricting to the two inception cohort studies which excluded stroke at baseline and adjusted for comorbidities, 16 20 the RR was 2.89 (95% CI 2.51 to 3.31).
The pooled RR for ischaemic stroke was 2.10 (95% CI 1.68 to 2.62; figure 2) . Removing the estimate from the study published only in abstract form at the time of this review, 13 the pooled estimate was 2.11 (95% CI 1.59 to 2.81). There was evidence of substantial heterogeneity that was statistically significant (I 2 =79.2%, p<0.002). Removing the study by Mok et al, 18 which scored the lowest on the Newcastle-Ottawa scale, resulted in a pooled RR of 1.85 (95% CI 1.62 to 2.12) and heterogeneity decreased (I 2 =47.9%, p=0.15). The pooled RR from Asian studies was 2.43 (95% CI 1.11 to 5.32; I 2 92.2%) compared to 1.98 in those studies not from Asia (95% CI 1.75 to 2.25; I 2 =0.0%).
The pooled RR for intracerebral haemorrhage was 2.72 (95% CI 2.15 to 3.44), and the pooled RR for subarachnoid haemorrhage was 3.85 (95% CI 3.20 to 4.64; figure 2 ). Removing Mok et al from the intracerebral haemorrhage estimate resulted in a similar estimate (RR 2.79; 95% CI 2.20 to 3.55). There was no evidence of heterogeneity for the intracerebral or subarachnoid haemorrhage outcomes (I 2 =0.0%, p=0.38; and I 2 =0.0%, p=0.44, respectively), although this was based on small numbers.
Four studies stratified by age and reported stroke subtype-specific estimates, which are presented in figure 3 , show that SLE was associated with the highest relative risk for stroke at younger ages. 13 18 20 21 Three studies also stratified RRs by sex and it appears that males and females do not have markedly different risks of stroke ( figure 4 ). 13 20 21 Liou et al 17 stratified by steroid use and found that the risk of stroke was only that the risk associated with SLE was higher in those without a history of these comorbidities, although these estimates were based on small numbers. Two studies examined RRs by follow-up time and found that the risk was highest in the first year after SLE diagnosis for intracerebral haemorrhage 21 and subarachnoid haemorrhage. 19 There was evidence of publication bias for the subset of studies which examined overall stroke (Egger's test p=0.04) and the funnel plot showed asymmetry (there is a lack of small studies showing an increased risk of stroke; see online supplementary figure S1). For ischaemic stroke, intracerebral and subarachnoid haemorrhage subgroups, Egger's test p values were not significant ( p=0.40, 0.12, and 0.08, respectively). Influence analyses showed that no individual study appeared to greatly change the pooled RRs for each subtype of stroke.
To determine if the decision to exclude certain overlapping studies affected results, pooled RRs were calculated including those studies resulting in similar estimates (see online supplementary table S1).
DISCUSSION
We observed a twofold increased risk of ischaemic stroke and a threefold increased risk of intracerebral haemorrhage in individuals with SLE compared to the general population. The risk of subarachnoid haemorrhage was almost four times that of the general population. The increased ischaemic stroke risk may be attributed to several different causes. First, individuals with SLE have more comorbid conditions which are also risk factors for stroke such as vasculitis, antiphospholipid syndrome and hypertension. The highest relative risk of stroke was observed at younger ages, which may be partially explained by the accelerated and premature atherosclerosis seen in SLE. Furthermore, systemic inflammation may also play an important role in triggering stroke as has been seen in other chronic inflammatory diseases such as rheumatoid arthritis, polymyalgia rheumatica and chronic infections. [29] [30] [31] Lastly, drug-related complications due to the immunosuppressive therapies often used in these patients could add to the risk. 32 Other characteristics observed in SLE may contribute to the increased risk of thrombosis such as antiphospholipid syndrome, Libman Sacks endocarditis and immune deposits (eg, autoantibody-antigen complexes, lupus anticoagulant and antiphospholipid antibodies). The endothelial dysfunction seen in SLE may increase the likelihood of rupture, leading to haemorrhagic stroke. [33] [34] [35] Intracranial vasculitis and hypertension may be responsible for the increased risk of subarachnoid haemorrhage. 36 Our findings are different from those from a cross-sectional study which found that the odds for subarachnoid haemorrhage was decreased by 43% compared to the general population. 3 Cross-sectional studies have generally reported lower RRs for stroke than cohort studies, likely due to the over-representation of healthier individuals and stroke survivors, which underestimates stroke prevalence. 3 5 This may be especially true in studies of subarachnoid haemorrhage which has a high mortality. 37 It should be noted that the observed increased RR indicates that SLE is a risk factor for subarachnoid haemorrhage but the absolute risk may be quite low due to the event's infrequent occurrence.
Two studies, which lacked a general population comparator but estimated expected risks using the Framingham risk score, reported that SLE was associated with a sixfold to sevenfold increased risk. 27 28 Stroke risk estimates and scores reported in the literature differ substantially between each other, 38 and the use of a risk score to estimate the general population's expected risk may not always yield an accurate comparison. Nevertheless, these studies highlighted that traditional risk factors are not as useful for predicting stroke risk in SLE. Patients with SLE have a unique constellation of characteristics which are rarely seen in the general population, such as antiphospholipid syndrome and vasculitis, indicating the need for awareness of SLE-specific risk factors for stroke.
Few studies presented estimates stratified by patient characteristics; these could shed light on which patients are at the highest risk of stroke and would benefit most from targeted prevention strategies. Two studies observed an increased risk of stroke in patients prescribed a steroid. 14 17 This may indicate that during periods of flare and high disease activity, patients are especially vulnerable. Two studies also reported that individuals within 1 year of diagnosis were at the highest risk, which also may indicate a time period of poorly controlled disease. 19 21 We observed a significant amount of heterogeneity in RRs for ischaemic stroke that decreased when the study by Mok et al was excluded. The differing results seen in Mok et al could be due to the inclusion of individuals with SLE who had been diagnosed with ACR criteria in a hospital-based clinic, compared to the other studies which used ICD codes from large administrative databases. Mok et al also differed in that they did not indicate whether SLE was prevalent or incident at the start of follow-up; also individuals with a history of stroke were not excluded and estimates were not adjusted for known confounders. There were several studies which used the Taiwan National Health Insurance Research Database, and two studies reported different estimates with CIs that did not overlap. 15 20 This may be due to differences in matching schemes or definitions of stroke. Depending on which studies from Taiwan were included in the pooled estimates for ischaemic stroke, we found RRs which ranged from 2.1 to 2.5.
The small number of studies examining intracerebral and subarachnoid haemorrhage resulted in low power to detect heterogeneity in these subgroups. Most studies did not stratify by age, sex or comorbidity; therefore, we could not explore these variables as potential sources of heterogeneity. Owing to small numbers, we could not explore the effect of the length of disease duration and treatment on the development of stroke. These factors should be considered and evaluated in future cohort studies of stroke in SLE. Very few studies included stroke and/or SLE diagnoses obtained from medical record reviews, and instead relied on ICD codes; this could have caused misclassification of the exposure or outcome. There was evidence of publication bias for the studies examining overall stroke, which may have led to overestimation of the pooled RR. Despite these limitations, our study has several strengths. By pooling estimates from similar studies, we achieved increased power and improved precision to estimate stroke risk associated with a relatively rare risk factor. Restricting to studies that used a population-based comparator allowed us to estimate the risk of stroke associated with SLE, thus accounting for the underlying risks of stroke across different populations.
Not only are a number of strokes preventable, but damage and disability due to stroke can be minimised if identified early. Our results confirm that individuals with SLE are at a higher risk of stroke than the general population, regardless of the type of stroke. Future studies should focus on whether comorbidity and disease flares are related to stroke, when individuals are at the highest risk, and how targeting specific groups of patients with SLE may reduce this risk.
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